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Abstract 
The analysis of a road network could be carried out using different techniques, the most advanced of which for the identification 
of hazardous sites are based on a statistical tool known as a “Safety Performance Function” (SPF). SPFs are fundamental to 
procedures in the Highway Safety Manual (HSM) and Safety Analyst, both of which require calibration of the SPFs to local 
conditions. In the case of infrastructure in which the traffic flow is physically divided, such as motorways, there are two different 
methods to calibrate an SPF; one is based on a consideration of two directional segments, the other one is based on mono-
directional segments with a correction factor that takes into account the presence of two directional traffic, as proposed by Safety 
Analyst. In the first case, traffic flows are the sum of traffic flows for each direction. The two methods give a different calibration 
factor for local condition, i.e., different performance in terms of goodness of fit and SPF transferability. This paper seeks to 
address these differences by investigating the two approaches to estimate crash count using a motorway sample data from Italy 
and focusing on a comparison in terms of model transferability. Furthermore two different SPFs were calibrated on the same data 
using the two different functional equation form, to evaluate the goodness of fit of the two different traffic based segmentation. 
The goodness of fit of the models is investigated using CURE plots and the R2 values. The four sets of models give good results 
in terms of goodness of fit but they have different values for the calibration factor. The calibration factor of the calibrated mono-
directional model is closer to a value of one, suggesting a better goodness of fit on the contrary the HSM model gives the better 
performance in terms of transfer ability where crash data are not available. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The new European Regulation (2008/96/CE) from the European Commission (EC) [1], adopted by each Member 
State, provides new actions to promote the Road Safety in terms of reduction of the number of death due to road 
crashes, starting from the analysis of the road network. The analysis has to be conducted on a primary network 
through Europe called TERN (Trans-European Road Network) which includes motorways (freeways in North 
America) and a series of major roads of strategic importance. To improve the safety of a road, the first step is to 
know how much the road is safe as well as how reliable the analysis are. The European Regulation doesn’t provide 
any tool for network analysis, but required to each state member or agency to justify their choose about the analysis 
method. In the last 4 years the state of the art to evaluate and predict the number of crashes occurred on a road 
segment as well as at intersection is Highway Safety Manual (HSM) [2], and the Interactive Highway Safety Design 
Model (IHSDM) software. With the latter is also available the Safety Analyst [3], a guide for Engineering to explain 
how IHSDM works, and which analyzes are present in it. Generally speaking, the evaluation method present in both, 
HSM and Safety Analyst, has the same logic work: segmentation of a road network and calibration of a Safety 
Performance Function (SPF) which describe, as better as possible, the number of accident observed on a road 
segment. SPF is a mathematical model, based on a statistic distribution of error, which links the observed number of 
accident of a road segment to a predicted value of the same. The prediction is in any case affected by error due to 
circumstances not always controllable, for examples: the position of the observed accident on the road network (the 
position is taken from Police report), or to problem related to the model.  
While the HSM and Safety Analyst could be a valuable resource for fulfilling the EC directive, the European 
roadway systems, weather, animal populations, terrain, driver training and behavior, and crash frequencies and 
severity patterns can result in problematic crash predictions from the HSM algorithm, which was developed from US 
data. 
One of the way to realize if the model gives good results in term of capability to estimate the number of accident 
occurred on a roadway site with an acceptable error, when a large road network is analyzed, is to investigate its 
transferability through the analysis of the value of the calibration factor to local condition. This factor is defined, by 
HSM and Safety Analyst, as the ratio between the observed crashes and the predicted by an SPF as follow: 
¦¦ predicted
observed
r N
N
C
                                                                                  
 (1) 
There have been some researches related to the adoption of the HSM predictive techniques, in different 
jurisdictions in the US such as Texas [4], Louisiana [5], Oregon [6], as well as in other countries like Italy [7], 
Canada [8] and New Zealand [9]. With the exception of the Canadian study, these efforts have principally focused 
on estimating and evaluating the size of the calibration factor for different facility types. The results have shown a 
wide variability in this factor even across US jurisdictions. The first two calibrations used a complicated, but 
conceptually more robust calibration procedure outlined in the HSM prototype chapter [10]. The results of those 
calibrations indicated a slight under-prediction of the algorithm for Texas (Cr=1.12) and a more marked one for 
Louisiana (Cr=1.63). The Texas research further analyzed a data subset of two-lane rural horizontal curves. In that 
case, the results were less encouraging, indicating a Cr that varied between 0.76 and 1.8 across the state, suggesting 
that the use of the calibrated algorithm for curves in Texas could be problematic. The Louisiana research, more than 
other, focused on comparing the observed and predicted number of crashes with and without the EB method which, 
as noted, is used to refine the predictions of HSM model for facilities with a known crash count. Not surprisingly, 
the EB method produced better results. The Oregon study [6] used the HSM-first-edition simplified calibration 
procedure [2] and estimated calibration factors of 0.74 for total and 1.15 for fatal-plus-injury crashes. Other research 
had the purpose to quantify the value of calibration factor to local condition considering the Crash Modification 
Factor proposed by HSM [11]. 
Although HSM and Safety Analyst provide the same algorithm for predicting crashes for different facility types, 
in the case of infrastructure, in which the traffic flow is physically divided, such as motorways, they give two 
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different methods to calibrate an SPF; one is based on a consideration of two directional segments, the other is based 
on mono-directional segments with a correction factor that takes into account the presence of two directional traffic, 
as proposed by Safety Analyst. In the latter case, traffic flows are the sum of traffic flows for each direction. The two 
methods give a different calibration factor for local condition, i.e., different performance in terms of SPF 
transferability. 
The target of this work is to study the performance in term of transferability of the models suggested by HSM and 
Safety Analyst (different in segmentation approach and equation form) using a sample data from an Italian 
motorways the A18 Messina-Catania. Furthermore on the two different segmentation approaches SPFs were 
calibrated on local data to investigate both the goodness of fit and the transferability performance of the calibrated 
models. 
2. Overview of the HSM and Safety Analyst collision prediction algorithm 
The HSM safety predictive model consists of three parts, a Safety Performance Function (SPF) developed with 
respect to highway facility under given base conditions, the crash modification factors (CMF), and the calibration 
factor (Cr) computed in order to adapt the model to local conditions: 
Npredicted,i= NSPF,i·(CMFi1· CMFi2·…·CMFij) ·Cr                                                                                     (2) 
where: 
Npredicted = predicted average crash frequency on the i-th site; 
Nspf_i= predicted average crash frequency for base conditions on the i-th site; 
CMFij = Crash Modification Factors related to the safety issue j at i-th site; 
Cr = Calibration factor. 
 
For each facility type, different SPFs and CMFs are analysed. The paper deals with rural multilane highway 
segments consisting of divided four lane highways in rural area. 
Different models are defined for total crashes, fatal/injury crashes and KAB crashes (KABCO scale where 
K=Killed; A=Incapacitating Injury; B=Non-Incapacitating Injury; C=Possible Injury; O=No Injury; and U=Injured, 
severity unknown). Among all, KAB classification better complies with the crash typology collected in the Italian 
National crash database. For KAB crashes, the HSM predictive model for rural divided roadway segments [2], is: 
NSPF,i= e-8.55·(AADTi,2) 0.938· Li                                                                        (3) 
where: 
Nspf_i= expected average crash frequency for the i-th roadway segment for the base conditions; 
AADTi,2= annual average daily traffic (vehicles per day) for the i-th roadway segment, both directions; 
Li = length of the i-th roadway segment roadway segment (miles); 
 
The base conditions of the SPF for divided roadway segments on rural multilane highways are: 
x Lane width (LW): 12 feet (3.65 m) 
x Right shoulder width: 8 feet (2.45 m) 
x Median width: 30 feet (9.15 m) 
x Lighting: None 
x Automated speed enforcement: None. 
The effect of traffic volume (AADT) on crash frequency is taken into account through the SPF itself, while the 
effects of specific geometric design and traffic control features are accounted through the CMFs. Specifically, any 
feature associated with higher average crash frequency than the SPF base condition, shows a CMF with a  value 
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greater than 1.00; any feature associated with lower average crash frequency than the SPF base condition shows 
CMF value less than 1.00. 
Moreover, the over dispersion parameter of the SPF is provided as a function of sites segment length as shown in 
the following equation: 
݇ ൌ ͳ݁ ሺܿ൅ ሺܮሻሻ (4) 
where: 
k = over dispersion parameter associated to the i-th roadway segment; 
L = length of the i-th roadway segment (miles); 
c = a regression coefficient used to determine the over dispersion parameter. 
 
This parameter allows to integrate observed crashes data to the predictions of the model through the Empirical 
Bayes correction method. 
Similarly, the Safety Analyst suggests the calibration of an SPF using a Generalized Linear Modeling (GLM) 
technique and assuming a Negative Binomial (NB) distribution error structure.  When the base condition is 
considered (all the CMFs=1) the two methods allow to obtain the expected number of crashes for the base 
conditions. The differences between the two methods, are the segmentation approaches, and the presence, in the 
Safety Analyst approach, of a correction factor for the intercept which take into account the difference in AADT and 
segmentation. While the segmentation approach, suggested by HSM, considers two bi-directional segments, in 
which the total AADT is the sum of the AADTs of each direction, Safety Analyst suggests a separated segmentation 
for the two ways. The functional form of the equation used by the Safety Analyst with the exploitations of the 
regression parameter with the same meaning of symbols is the following: 
  i0.89i,1-8.820.89iSPF, LAADTe0.52N                                                 (5) 
The model form was developed in Michigan for a 4 lane freeway of a total length 379 miles and a maximum 
value of AADT equals to 60,621 Vehicle/day. 
Moreover the in order to have homogeneity in the comparison of results and to avoid problems related to 
different techniques of calibration and bias related to the differences between USA and Italian infrastructures and 
traffic composition and to evaluating the performance of the two different functional equation form, together with 
the models proposed by HSM and Safety Analyst, two different SPFs were calibrated using a GLM approach and a 
Negative Binomial error distribution considering for both the baseline model using the functional equation form 
provided by HSM and Safety Analyst. 
3. Rural freeway segment data 
The data used for this investigation base on an Italian rural motorway, the “A18” Messina-Catania, which is 
approximately 76 km (47.2 miles) long. The cross section is made up of 4 lanes, 2 in each direction, divided by a 
median with barriers. The analysis period refers to the 4 years from 2005 until 2008, during which 449 severe (fatal 
plus injury) crashes according to the official statistics on motor vehicle collisions provided by the Italian National 
Institute of Statistics (ISTAT) [12].  Table 1 shows basic statistics for the dataset used for analysis.  
In this research, only the road segments were analyzed; interchange data and the part of segment directly 
influenced by the presence of intersection were discarded. Every segment, contiguous to an intersection, starts from 
a distance of 50 m (164 ft) from the bevel for the insertion of the service lanes for exit from, and entry into the main 
flow.  During the analysis period, the trend of AADT shows an homogeneity during the whole period. However, 
there is a marked major distribution of traffic between the interchange closest to the Catania suburban areas (Fig. 1). 
The distribution of traffic in both direction reveals an homogeneity of distribution of AADT in the two direction 
(Fig. 2). 
617 Carmelo D’Agostino /  Procedia Engineering  84 ( 2014 )  613 – 623 
Table 1.  Details of the database used to estimate models. 
Year Range AADT Crash (Fatal + Injury) Length (km) 
2005 10944 – 26882 104 
151.08 
(two directions) 
2006 7792 – 26414 113 
2007 7917 – 27001 119 
2008 7651 – 26783 113 
Total Crashes 449  
 
Fig. 1. Details of annual traffic between interchenges (millions of vehicles) during the analysis period. 
 
 
Fig. 2.  Trend of average annual daily traffic during the analysis period in both directions. 
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4. Analysis 
In this section of the paper the methodology is reported as well as the results of calibration and application of the 
SPFs.  
4.1. Segmentation approach 
As suggested by HSM and Safety Analyst two different segmentation approaches were carried out. The 
segmentation A, HSM based, is made up by homogeneous segment in respect to AADT, and considers inside each 
segment both traffic directions. In this case AADT is the sum of the AADTs of each travel direction. The 
segmentation B, as suggested by Safety Analyst, is made up by a single segment direction, in this case AADT is the 
correspondent of each site. As well as segmentation A, Segmentation B is AADT based. Unfortunately both 
segmentation approaches generate in some case very short segment, which may create some problems in the statistic 
inference and other ones related to the exact location of crashes, which were extrapolated from Police report. In 
order to avoid this problem, segment shorter than 70 m were discarded. The choice of 70 m is in the middle between 
an acceptable statistical inference and the possibility of not losing a large number of crashes in the statistical 
analysis. In literature there are different studies which connect segmentation to the goodness of fit of the models 
[17]. In the following table the range of variation of the length of the segments are summarized for the two 
segmentation approaches and the number of segment and crash occurred. 
Table 2. Summary and range of the variables present in each model. 
Segmentation A (HSM Based) 
N° of segment AADT Range [Veh/day] Year Crashes LenghtRange [m] 
47 
21913 - 53219 2005 75 
76 - 10195 
22380 - 52705 2006 78 
22672 - 53636 2007 90 
22138 - 53359 2008 71 
Segmentation B (Safety Analyst Based) 
N° of segment AADT Range [Veh/day] Year Crashes LenghtRange [m] 
81 
10944 - 26882 2005 95 
76 - 10460 
11188 - 26954 2006 89 
11310 - 27000 2007 103 
11040 - 26783 2008 81 
4.2. Method of SPFs calibration 
Application of the HSM and Safety Analyst models results are compared to others calibrated purposely for the 
Italian motorway. They both were performed using generalized linear modeling techniques and assuming a negative 
binomial distribution error structure [13-16]. 
Two different segmentation were carried out to get the HSM and Safety Analyst models. Differently from the 
HSM one, the Safety Analyst based segmentation was produced taking into consideration the two directions of 
traffic and keeping them separately. The road has slight different alignment layouts characterizing the two carriage 
ways, therefore the analysis was performed independently considering each carriageway. 
Both models are the so-called base model, which accounts only for the exposure variables (length L and traffic 
AADT). 
The HSM SPF Base Italian model is the following: 
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)ln(L)T1.17ln(AAD18.52
iSPF,
ii,2eN                                                                 (6) 
where: 
NSPF,i(6): expected yearly crash frequency with Base model with HSM method; 
Li: segment length (m); 
AADTi,2: average annual daily traffic both direction (vehicles per day). 
 
The Base Model allows to compute what can be considered “normal” for a given site without considering any 
difference in specific road or traffic features. 
Considering that, as for the road sample, all the CMFs in the HSM model are constant (CMFs=1), the base model 
represents the equivalent of the HSM model calibrated on Italian dataset. 
The model suggested by Safety Analyst adds to the HSM base model a correction factor to the Intercept which 
takes into account that AADT is considered in the model as mono-directional. The model suggested by Safety 
Analyst is the following: 
  iβi,1αβiSPF, LAADTe0.52N                                                    (7) 
where: 
NSPF,i(7): expected yearly crash frequency with Base model with Safety Analyst method; 
Li: segment length (m); 
AADTi,1: average annual daily traffic one direction (vehicles per day); 
α,  β coefficient of regression. And  β0.52x  : factor related to consider the two traffic direction. 
 
The calibration of the equation (7) on the Italian rural motorway dataset give the following results, with the same 
meaning of symbols: 
  i-1.1855i,1-18.6529-1.1855iSPF, LAADTe0.52N                                             (8) 
As expected, equations (6) and (8) shown that the models have different coefficients for the intercept and AADT. 
It depends primarily on the different segmentation used for the calibration of the two models and on the different 
form of the equations. Equation (7) presents a correction factor to the intercept which is function of the AADT 
regression coefficient. The variation of the correction factor is therefore, strongly related to AADT. Higher is the 
value of the AADT exponent and more influent is the value of the correction factor. If the exponent of AADT is 1, 
the correction factor has not influence and assume value 1. The model was calibrated using the SAS Package 
software. 
4.3. Results 
The calibration of the models suggested by HSM and Safety Analyst respectively to segmentation A and 
segmentation B allows to determine the calibration factor to local condition for both models with equation (1). The 
results are summarized in table 3 in which at first the Cr is calculated for each year of analysis and at the end it is 
reported for the entire period of analysis as its average value; while figure from 3 to6 show the trend of the 
calibration factor to local condition during the analysis period and the average value used to correct the predicted 
number of crashes occurred in each roadway sites both for the HSM and Safety Analyst models and for the 
calibrated models. 
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Table 3. Value of the calibration factor for each year of analysis and each segmentation. 
Segmentation A (HSM Based) 
Year Observed 
HSM Model Calibrated model 
Predicted Cr Cr (Average) Predicted Cr Cr (Average) 
2005 75 61,81 1,21 
1,26 
96,72 0,77 
0,80 
2006 78 62,30 1,25 97,66 0,79 
2007 90 62,95 1,43 99,01 0,90 
2008 71 62,39 1,14 97,94 0,72 
Segmentation B (Safety Analyst Based) 
Year Observed 
Safety Analyst Model Calibrated model 
Predicted Cr Cr (Average) Predicted Cr Cr (Average) 
2005 95 65,11 1,45 
0,40 
91,76 1,04 
0,99 
2006 89 65,11 1,37 91,76 0,97 
2007 103 66,35 1,55 93,97 1,10 
2008 81 65,75 1,23 92,93 0,87 
 
 
 
Fig. 3. Distribution during the analysis period of the calibration factor for segmentation A (HSM Model not calibrated). 
 
 
Fig. 4. Distribution during the analysis period of the calibration factor for segmentation A (Calibrated model). 
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Fig. 5.  Distribution during the analysis period of the calibration factor for segmentation B (Safety analyst model not calibrated). 
 
Fig. 6.  Distribution during the analysis period of the calibration factor for segmentation B (Calibrated model). 
4.4. Models validation 
The quality of fit was investigated with the Cumulative Residuals (CURE) method [18-19]. This method consists 
of plotting the cumulative residuals for each independent variable. The goal is to graphically observe how well the 
function fits the data set. The CURE method has the advantage of not being dependent on the number of 
observations, as are many other traditional statistical procedures (e.g., R2). 
The CURE method to evaluate the goodness of fit is based on the study of residuals, i.e., the difference between 
the number of crashes observed at a site and the expected value at the same site and in the same year. Assuming that 
residuals are normally distributed with expected value equal to 0 and a variance equal to σ [18], it is possible to 
calculate the variance of the expected value as the square of the cumulate residuals. The trend in the residuals in 
respect to AADT (or other variables) can be evaluated relative to the variance to qualitatively assess goodness of fit. 
The CURE method, is used to the examination of residuals after the estimation of the SPFs. Usually it can be used to 
examine whether the chosen functional form indeed fits the explanatory variable along the entire range of its values 
represented in the data. The plot of cumulative residuals should oscillate around 0, and close to 0, and not exceed the 
±2σ* bounds. An upward/downward drift is a sign that the model consistently predicts fewer/more accidents than 
were counted.  When the plot of residuals does not show any systematic drift, by examining the cumulative residuals, 
it can be assumed a good fitting of SPF to data. 
The correlation level between the two calibrated model and the dataset was also calculated so as to understand if 
one of the two model is preferable in comparison to the other (table 4). To calculate the R2the following expression 
was used: 
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where: 
iy are the observed data; 
iy the average value, 
iyˆ predicted data form SPF. 
 
 
Fig. 7.  CURE Plots with ± 2σ* for calibrated model on segmentation approach suggested by Safety Analyst (a) and HSM (b). 
Table 4. R2 value for each calibrated model. 
HSM Model Safety Analyst Model 
R2 0,760 0,751 
 
5. Conclusions 
The analysis of results lead to a dual conclusion. The goodness of fit was analyzed for the calibrated models and 
the performance in term of transferability for the model suggested by HSM and Safety Analyst. For the latters the 
best performance is given by the HSM model with a calibration factor to local condition equal to 1,26 while the 
Safety Analyst model estimated considering a separately carriageway segmentation approach give a calibration 
factor to local condition equal to 1,40. Both models underestimate the observed crashes.  
For the calibrated models both fit the data. Particularly in the case of calibrated models, i.e. where crash and 
AADT data are available, the calibration factor gives even an idea of the performance of the model in term of crash 
prediction. The CURE plots of both models show a good fit to the dataset and they also shown that residuals are 
normally distributed. However, the models have a different value of calibration factor to local condition. Particularly, 
its average value is 0,80 for the model calibrated on the HSM segmentation approach and 0,99 for the model 
calibrated on the Safety Analyst segmentation and model approach. The value of 0,99 suggests a better fit to the 
model to the Italian rural motorway condition than the value of 0,80. 
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In other terms the value of the calibration factor gives an idea of the reliability of the model in the estimation of 
crashes, even when the models have good quality of fit to the dataset, verified with the most popular statistical 
method (i.e. CURE plots and R2). In term of transferability, the chance to estimate the 99% of the observed crashes, 
with a statistical inference, shows a very high reliability of the mono-directional segmentation and model approach.  
Finally if crash data are available a mono-directional segmentation offers the best performance in terms of 
goodness of fit and crash prediction while if no information are available about the crash event the HSM model, 
estimated considering together the two travel direction inside each segment, gives the best performance in term of 
transferability. 
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